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Abstract
We investigate the phenomenology of singlet scalar dark matter in a simple B−L gauge extension
of the Standard Model where the dark matter particle is charged under the U(1)B−L symmetry.
The non-trivial gauge anomalies are cancelled with the introduction of three exotic fermions with
B −L charges as −4,−4, 5, instead of right-handed neutrinos νRi (i = 1, 2, 3) with B −L = −1 in
conventional U(1)B−L model. Without the need of any ad-hoc discrete symmetry, the B−L charge
plays a crucial role in stabilizing the dark matter. We make a comprehensive study of dark matter
phenomenology in the scalar and gauge portals separately. In the gauge-mediated regime, we
invoke the LEP-II constraints and dilepton limits of ATLAS on the gauge parameters. A massless
physical Goldstone plays a vital role in the scalar-portal dark matter observables, becomes a unique
feature of the model. We show the mechanism of generating the light neutrino mass at one-loop
level where the dark matter singlet runs in the loop. We shed light on the semi-annihilation and
finally, we comment on indirect signals in this framework.
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I. INTRODUCTION
Although there are indirect astrophysical evidences for the existence of dark matter con-
tributing with a relic density Ωh2 ' 0.12, about 25% to the energy budget of the Universe
[1], still we know only very little about the nature of the dark matter. In particular the
unknowns are: what kind of particle it is, i.e., scalar, fermion or vector etc., and to which
beyond the Standard Model framework it belongs to (see the recent review article [2] for
details). In this respect, models in which the difference between baryon and lepton number
(B−L) is gauged, are economic extensions of the Standard Model [3–6] (see also few earlier
works in this direction [7–15]). One of the interesting aspects of this kind of models is that
in the standard form, the presence of right-handed neutrinos and thus, the type-I seesaw
mechanism for neutrino mass generation appears naturally. In addition, attempts have also
been made within this economic extensions of SM where dark matter can be incorporated
as well [16–26].
It is widely believed that weakly interacting massive particles (WIMPs) fulfil the nec-
essary criteria of dark matter, not too far from the electroweak scale, which provides the
opportunity to test them at the current or near future direct or indirect dark matter de-
tection experiments. One of the fundamental questions is how to address the stability of
the dark matter. Within the gauged B − L extensions of the Standard Model, the stability
of the dark matter can be taken care of by imposing an extra discrete symmetry on top of
the gauge symmetry [19–21, 24]. In these class of models one of the right-handed neutrinos
introduced for gauge anomaly cancellation is odd under the additional discrete symmetry
and acts as a dark matter candidate. Attempts are also made to ensure the stability of the
dark matter by choosing the appropriate B − L charge of dark matter [17, 18, 22, 23, 25].
There are other variants of gauged B − L extension of SM, where the additional fermions
carry exotic integer value of B−L charge. The discussion of scalar dark matter and neutrino
phenomenology have been explored in the recent works [27–29], while a beautiful connection
between dark matter abundance and matter-antimatter asymmetry has been investigated in
Ref. [25] within WIMPy Leptogenesis.
In this work, we attempt to study the phenomenology of a scalar dark matter within
the context of gauged B−L model without the introduction of any right-handed neutrinos,
which are generally present in the conventional B−L theory. The induced gauge anomalies
are cancelled by assigning appropriate B − L charges to the additional fermions. The key
point to note here is that the stability of the scalar singlet dark matter is ensured by the
peculiar choice of B−L charges and not by introducing any ad-hoc discrete symmetry. The
proposed model provides another variant of the class of gauged B−L models. Similar work
on singlet scalar DM phenomenology has been recently explored in [17] where three right-
handed neutrinos are added to make the model anomaly free and the model structure itself
takes care of the stability of scalar DM. Dirac DM has also recently been investigated in a
B − L model [30], where four exotic fermions are added to overcome the gauge anomalies.
The current model describes a new variant of B−L models with a different scalar content and
exotic charges assigned to the newly added fermions. Moreover, the B − L charge assigned
to the scalar DM and its corresponding annihilation channels, the arising parameter scan
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are different from the conventional B − L models.
The plan of the paper is as follows. We discuss in Sec-II, a simple model with B−L gauge
extension of SM without right-handed neutrinos along with the allowed solutions for gauge
anomaly cancellation, vacuum stability criteria, perturbative unitarity constraints and the
mass spectrum of the scalar sector. In Sec-III, we explore the Z ′-mediated dark matter
phenomenology of scalar singlet in view of relic density, direct detection and collider bounds
perspective. In Sec-IV, we repeat the same for the scalar-portal, then we briefly discuss the
generation of light neutrino mass and the effect of semi-annihilation to relic density in Sec-V
and VI respectively. In Sec-VII, we comment on indirect signals followed by conclusion in
Sec-VIII.
II. THE MODEL FRAMEWORK
It is believed that the B − L gauge extension of Standard Model (SM) is the simplest
model one can think of from the point of view of a self-consistent gauge theory where the
difference between baryon and lepton number is promoted to local gauge symmetry. The
gauge group of this simplest B−L model is SU(2)L×U(1)Y ×U(1)B−L, omitting the SU(3)C
structure for simplicity. Originally, these models are motivated to cancel the triangle gauge
anomalies
A1
[
U(1)3B−L
]
, A2
[
(gravity)2 × U(1)B−L
]
, (1)
with the inclusion of right-handed neutrinos νRi (i = 1, 2, 3) having the B−L charges −1 (the
other gauge anomalies, i.e., A3 [SU(3)2C × U(1)B−L] and A4 [SU(2)2L × U(1)B−L] trivially
cancel). These right-handed neutrinos can generate light neutrino masses via the type-I
seesaw mechanism [31–34] and account for matter-antimatter asymmetry of the universe.
However, we present below few other possible solutions to overcome these anomalies.
A. Anomaly cancellation with additional fermions having exotic B-L charges
In order to build an anomaly free B − L gauge extended framework, the charges of the
additional fermion content have to satisfy two simple equations given as [35]
nR∑
i=1
x3i = 3 and
nR∑
i=1
xi = 3, (2)
where nR denotes the number of additional fermions and xi denotes the B − L charge of
each fermion. nR = 1 gives no solution and nR = 2 gives a complex solution. nR ≥ 3 is
always suitable to have real solutions. For instance, choosing the charges as −4,−4 and
+5 is one such solution satisfying 2 and has been explored in [27, 28]. We show below the
explicit check
A1
[
U(1)3B−L
]
= ASM1
(
U(1)3B−L
)
+ANew1
(
U(1)3B−L
)
= −3 + (43 + 43 + (−5)3) = 0 ,
A2
[
gravity2 × U(1)B−L
] ∝ ASM2 (U(1)B−L) +ANew2 (U(1)B−L) = −3 + (4 + 4 + (−5)) = 0 .
There could also be a different solution to cancel the gauge anomalies, where one
requires four additional fermions carrying fractional B − L charges (first proposed in
3
Field SU(2)L × U(1)Y U(1)B−L
Fermions QL ≡ (u, d)TL (2, 1/6) 1/3
uR (1, 2/3) 1/3
dR (1,−1/3) 1/3
`L ≡ (ν, e)TL (2,−1/2) −1
eR (1,−1) −1
N1R (1, 0) −4
N2R (1, 0) −4
N3R (1, 0) 5
Scalars H (2, 1/2) 0
φDM (1, 0) nDM
φ1 (1, 0) −1
φ8 (1, 0) 8
TABLE I: Particle spectrum and their charges of the proposed U(1)B−L model.
Ref. [30]). We briefly describe below, how the non-trivial gauge anomalies A1
(
U(1)3B−L
)
and
A2
(
gravity2 × U(1)B−L
)
get cancelled by introducing four exotic fermions with fractional
B − L charges, i.e., ξL(4/3), ηL(1/3), χ1R(−2/3) and χ2R(−2/3), where the corresponding
B − L charges are shown in the parenthesis,
A1
[
U(1)3B−L
]
= ASM1
(
U(1)3B−L
)
+ANew1
(
U(1)3B−L
)
= −3 +
[(
4
3
)3
+
(
1
3
)3
+
(
2
3
)3
+
(
2
3
)3]
= 0 ,
A2
[
gravity2 × U(1)B−L
] ∝ ASM2 (U(1)B−L) +ANew2 (U(1)B−L)
= −3 +
[(
4
3
)
+
(
1
3
)
+
(
2
3
)
+
(
2
3
)]
= 0 .
In this work, we consider the first category of anomaly free model built up based on
U(1)B−L extension of the standard model which includes three neutral exotic fermions NiR
(where i = 1, 2, 3), with the B − L charges −4,−4 and +5. We include two more scalar
singlets φ1 and φ8 to provide Majorana masses for all the exotic fermions and also to spon-
taneously break the B − L gauge symmetry. We also introduce a scalar dark matter φDM,
singlet under the SM gauge group but charged under U(1)B−L. It doesn’t get any VEV, it
does flow in the loop to generate light neutrino mass as discussed in Section-V. Fermionic
dark matter of the current model has been explored in [36]. The particle content of the
present model is given in Table I.
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The relevant terms in the Lagrangian for fermions in the present model is given by
LfermionKin. = QLiγµ
(
∂µ + ig
~τ
2
· ~Wµ + 1
6
i g′Bµ +
1
3
i gBL Z
′
µ
)
QL
+uRiγ
µ
(
∂µ +
2
3
i g′Bµ +
1
3
i gBL Z
′
µ
)
uR
+dRiγ
µ
(
∂µ − 1
3
i g′Bµ +
1
3
i gBL Z
′
µ
)
dR
+`Liγ
µ
(
∂µ + ig
~τ
2
· ~Wµ − 1
2
i g′Bµ − i gBL Z ′µ
)
`L
+eRiγ
µ
(
∂µ − i g′Bµ − i gBL Z ′µ
)
eR
+N1Riγ
µ
(
∂µ − 4i gBL Z ′µ
)
N1R +N2Riγ
µ
(
∂µ − 4i gBL Z ′µ
)
N2R
+N3Riγ
µ
(
∂µ + 5i gBL Z
′
µ
)
N3R . (3)
The interaction Lagrangian for the scalar sector is as follows
Lscalar = (DµH)† (DµH) + (DµφDM)† (DµφDM) + (Dµφ1)† (Dµφ1)
+ (Dµφ8)† (Dµφ8)− V (H,φDM, φ1, φ8) , (4)
where the covariant derivatives are
DµH = ∂µH + i g ~WµL · ~τ
2
H + i
g′
2
BµH ,
DµφDM = ∂µφDM + i nDMgBL Z ′µφDM ,
Dµφ1 = ∂µφ1 − igBL Z ′µφ1 ,
Dµφ8 = ∂µφ8 + 8igBL Z ′µφ8. (5)
The Yukawa interaction for the present model is given by
LYuk = YuQLH˜uR + YdQLH dR + Ye `LHeR
+
∑
α=1,2
hα3φ1N cαRN3R +
∑
α,β=1,2
hαβφ8N cαRNβR , (6)
with H˜ = iσ2H
∗. From the above Yukawa interaction terms, one can write the exotic
fermion mass matrix and diagonalize it to obtain non-zero masses to all the Majorana mass
eigenstates.
B. Scalar Potential Minimization and Stability criteria
The scalar potential of this model is given by
V (H,φDM, φ1, φ8) =µ
2
HH
†H + λH(H†H)2 + µ21φ
†
1φ1 + λ1(φ
†
1φ1)
2 + µ28φ
†
8φ8 + λ8(φ
†
8φ8)
2
+µ2DMφ
†
DMφDM + λDM(φ
†
DMφDM)
2 + λH1(H
†H)(φ†1φ1) + λH8(H
†H)(φ†8φ8)
+λ18(φ
†
1φ1)(φ
†
8φ8) + λHD(H
†H)(φ†DMφDM) + λD1(φ
†
DMφDM)(φ
†
1φ1)
+λD8(φ
†
DMφDM)(φ
†
8φ8), (7)
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where φDM =
S+iA√
2
, the scalar fields H = (H+, H0)T , φ1 and φ8 can be parametrized in
terms of real scalars and pseudo scalars as
H0 =
1√
2
(v + h) +
i√
2
A0 ,
φ01 =
1√
2
(v1 + h1) +
i√
2
A1 ,
φ08 =
1√
2
(v8 + h8) +
i√
2
A8 , (8)
where 〈H〉 = (0, v/√2)T , 〈φ1〉 = v1/
√
2, and 〈φ8〉 = v8/
√
2.
C. Vacuum stability criteria and Unitarity constraints
The vacuum stability conditions of the scalar potential are given by [37, 38]
λH ≥ 0, λHD ≥ 0, λDM ≥ 0, λ1 ≥ 0, λ8 ≥ 0,
λD1 +
√
λDMλ1 ≥ 0, λD8 +
√
λDMλ8 ≥ 0, λ18 +
√
λ1λ8 ≥ 0,√
λDMλ1λ8 + λD1
√
λ8 + λD8
√
λ1 + λ18
√
λDM ≥ 0. (9)
Now we apply the tree-level perturbative unitarity constraints on the scattering processes
of the scalar sector. The formula for the zeroth partial wave amplitude [39] is given by
a0 =
1
32pi
√
4pCMf p
CM
i
s
∫ +1
−1
d(cos θ) T2→2. (10)
Here pCMi,(f) is the the centre of mass (CoM) momentum of the initial (final) state, s is the
(CoM) energy, and T2→2 denotes the full amplitude of each 2 → 2 scattering processes. At
high energies, the partial wave amplitudes i.e., the quartic couplings gets constrained from
perturbative unitarity requirement |Re(a0)| ≤ 12 , giving
λH, λ1, λ8, λDM ≤ 4pi
3
,
λHD, λD1, λD8, λH1, λH8, λ18 ≤ 4pi. (11)
D. Mixing in scalar sector
In the scalar sector, the CP-even scalar mass matrix takes the form
M2E =
 2λHv2 λH1vv1 λH8vv8λH1vv1 2λ1v21 λ18v1v8
λH8vv8 λ18v1v8 2λ8v
2
8
 . (12)
We assume that the Higgs doublet H mixes equally with the two singlets and the mixing is
small so that the decay width of Higgs is consistent with LHC limits. We also consider the
6
VEVs of the new singlets v1 ' v8  v and the couplings λH1,H8  λH , λ1 ' λ8 then the
mass matrix takes a simple form
M2E '
 a a aa y b
a b y
 . (13)
Under the assumption of minimal Higgs mixing, the unitary matrix that connects the flavor
and mass states is
U '
 1 β cosα− β sinα β cosα + β sinα−β cosα sinα
−β − sinα cosα
 . (14)
Here β = a
b+y−a is the mixing parameter for H − φ1,8 and α = 5pi4 denotes φ1 − φ8 mixing,
obtained from the normalized eigenvector matrix of M2E (13). Thus, the relation between
flavor and mass eigenstates is given by hh1
h8
 = U
H1H2
H3
 =
 H1 −H3β
√
2
−H1β − H2√2 − H3√2
−H1β + H2√2 − H3√2
 . (15)
The scalar couplings can be written as
2λHv
2 = λH1vv1 =
M2H1
(1− 2β + 2β2) ,
2λ1v
2
1 = 2λ8v
2
8 =
(β + 1)M2H3 + (1 + β + 4β
2)M2H2
2(1 + β + 4β2)
,
λ18v1v8 =
(β + 1)M2H3 − (1 + β + 4β2)M2H2
2(1 + β + 4β2)
. (16)
Here H1 denotes the SM Higgs with MH1 = 125.09 GeV with v = 246 GeV. The mixing
angle β can be written in terms of the physical scalar masses as
β =
−M2H1 +M2H3 −
√
−15M4H1 − 10M2H3M2H1 +M4H3
4
(
2M2H1 +M
2
H3
) . (17)
Since the Higgs mass (MH1) is fixed, the mass parameter MH3 defines the amount of mixing
i.e., say MH3 ≥ 1 TeV implies β ≤ 0.016. Moving to CP-odd components, the linear
combination (denoted by AG) of A1 and A8 is eaten up by Z
′ and the other orthogonal
combination, ANG remains as a massless physical Goldstone (NG), which are given by
AG = − 8v8√
v21 + 64v
2
8
A8 +
v1√
v21 + 64v
2
8
A1,
ANG =
v1√
v21 + 64v
2
8
A8 +
8v8√
v21 + 64v
2
8
A1. (18)
As per the assumption v1 ' v8, one can see that AG gets major contribution from A8 and
ANG is maximally composed of A1. This massless mode can couple to the new fermion and
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scalar sectors as shown in Appendix A. In SM, it can only couple to Higgs as we considered
non-zero mixing between H and the new scalar singlets. It can give rise to an additional
decay channel contributing to the invisible width of SM Higgs, given as
Γ(H1 → ANGANG) '
M3H1 sin
2 β
32pi
(
v31 + 64v
3
8
v1v8(v21 + 64v
2
8)
)2
, (19)
where β denotes the mixing between H and φ1. The invisible branching ratio of Higgs is
given as
Brinv =
Γ(H1 → ANGANG)
Γ(H1 → ANGANG) + cos2 β ΓHiggsSM
. (20)
Using the constraint, Brinv ' 20% [40, 41], ΓHiggsSM ' 4 MeV, we obtain the upper limit on
the mixing angle as
|tan β| . 2.2× 10−4 ×
( v1
GeV
)
. (21)
Moreover, if the NG stays in thermal equilibrium with ordinary matter until muon annihila-
tion, then it mimics as fractional cosmic neutrinos contributing nearly 0.39 to the effective
number of neutrino species [42] to give Neff = 3.36
+0.68
−0.64 at 95% C.L., a remarkable agree-
ment with Planck data. This illustration was done by working in the low mass regime of
the physical scalar (' 500 MeV). However, in the present work, we consider higher mass
regime for the physical scalar spectrum and discuss the effect of NG on relic density in the
upcoming section.
E. Stability of singlet scalar dark matter
Dark matter particle has to be electrically neutral and should be stable over cosmological
time scales. With this motivation numerous frameworks were proposed based on an unbroken
discrete symmetry [43, 44] forbidding the decay of DM. Furthermore, this discrete symmetry
is expected to break at Planck scale and thus, induce the decay of DM making it unstable.
In the present model, we don’t assume any ad-hoc discrete symmetry as such which can
stabilize the DM. Rather we choose the B − L charge (say nDM) in such a way that there
won’t be any decay channel as displayed in Fig. 1 for the DM φDM [45]. For example, to avoid
the cubic term in the scalar potential of the form φDMHiHj where Hi, Hj denote the physical
masses for any of the scalars H,φ1 or φ8, the possible values of nDM = 0,±2,±7,±9,±16 are
not allowed. Similarly if we don’t want term like φDMHiHjHk, the value of nDM is restricted
to nDM 6= ±1,±3,±6,±8,±10. Thus, the allowed values of nDM are ±4,±5 and fractional
charges. The approach of ensuring stability of scalar DM particle with the model structure
has been recently implemented in a B − L model with right-handed neutrinos [17], while
our model is one such variant with a modified scalar content and variety of exotic charges
assigned to the additional fermion content of the B − L model.
We choose nDM = 4 to ensure the stability of the scalar singlet φDM and study its
phenomenology in the prospects of dark matter observables such as relic abundance and
direct detection cross section. Based on the structure of the model built, the DM can have
scalar and gauge portal interactions. We proceed to study in detail the behaviour of DM
8
ff
φDM
φDM
Hi
Hj
φDM
Hi
Hj
Hk
φDM Hi
f
f
a
FIG. 1: Feynman diagrams leading to decay of scalar singlet dark matter φDM. The choice of
B − L charge to forbid these decay and stability of scalar singlet dark matter φDM is discussed in
the text.
observables separately in dual portal scenario.
III. Z ′ PORTAL PHENOMENOLOGY
A. Relic abundance
The channels that contribute to relic density are shown in the left and middle panels of
Fig. 2 and the expression for the corresponding annihilation cross sections are
σˆff =
∑
f
n2DM(n
f
BL)
2g4BLcf
12pis
(s− 4M2DM)(s+ 2M2f )
[(s−M2Z′)2 +M2Z′Γ2Z′ ]
(s− 4M2f )
1
2
(s− 4M2DM)
1
2
,
σˆZ′Hi =
n2DMg
6
BL(CHi)
2
16pis
(s− 4M2DM)
[(s−M2Z′)2 +M2Z′Γ2Z′ ]
[
1 +
(s− (MZ′ +MHi)2)(s− (MZ′ −MHi)2)
12sM2Z′
]
[
(s− (MZ′ +MHi)2)(s− (MZ′ −MHi)2)
] 1
2
[s(s− 4M2DM)]
1
2
, (22)
where i = 1, 2, 3 and
CH1 = 2β(64v8 − v1),
CH2 =
√
2(64v8 − v1),
CH3 =
√
2(64v8 + v1).
The parameters cf and n
f
BL denote the color charge and the B−L charge of the fermion f
with mass Mf . MZ′ is the mass of the heavy gauge boson Z
′ given by MZ′ = gBL
√
v21 + 64v
2
8
9
Z ′
φDM
φDM
f¯
f
1
Z ′
φDM
φDM
H1,2,3
Z ′
1
Z ′
q
φDM
q
φDM
1
FIG. 2: Feynman diagrams for dark matter annihilation (left and middle) and scattering of DM
from nucleon/quark (right panel) through Z ′ exchange. First two diagrams contribute to the relic
density observable and the third one is appropriate in direct detection studies.
Parameters nDM MH2 [GeV] MH3 [GeV] v1,8 [GeV] β
Values 4 1000 1500 2000 0.007
TABLE II: Fixed parameters for Z ′-mediated DM observables.
with the decay width ΓZ′ . The relic abundance of dark matter is computed by
Ωh2 =
2.14× 109 GeV−1
g∗1/2Mpl
1
J(xf )
, (23)
where Mpl = 1.22× 1019 GeV is the Planck mass, g∗ = 106.75 denoting the total number of
effective relativistic degrees of freedom, and J(xf ) reads as
J(xf ) =
∫ ∞
xf
〈σv〉(x)
x2
dx. (24)
The thermally averaged annihilation cross section 〈σv〉 is given by
〈σv〉(x) = x
8M5DMK
2
2(x)
∫ ∞
4M2DM
σˆ × (s− 4M2DM)
√
s K1
(
x
√
s
MDM
)
ds. (25)
The functions K1, K2 denote the modified Bessel functions and x = MDM/T , where T is the
temperature. The analytical expression for the freeze out parameter xf is given as
xf = ln
(
0.038 g MPl MDM 〈σv〉(xf )
(g∗xf )1/2
)
. (26)
Here g is the count of number of degrees of freedom of the dark matter particle S. We have
implemented the model in LanHEP [46] to produce the model files required for micrOMEGAs
[47–49] package to compute the relic abundance of scalar DM. The parameters that are fixed
during the analysis are shown in Table. II. The flexibility of gauge portal study is that, just
two parameters are relevant i.e., gBL and MZ′ . The value of nDM not only stabilizes the
DM paricle but also scales the annihilation cross section thereby showing up in relic density.
Fig. 3 displays the variation of DM abundance Ωh2 with the singlet DM mass MDM and
the behavior with various parameters. All the curves in Fig. 3 reach the current relic
density of PLANCK [1] near the resonance (MDM ' MZ′2 ). The gauge coupling gBL scales
10
gBL = 0.1
gBL = 0.3
500 1000 1500 2000 2500 3000
10-4
0.001
0.010
0.100
1
10
100
1000
MDM [GeV]
Ω
h
2
MZ' = 2000 GeV, MH2 = 1 TeV, MH3 = 1.5 TeV
MZ' = 2000 GeV
MZ' = 3000 GeV
500 1000 1500 2000 2500 3000
10-4
0.001
0.010
0.100
1
10
100
MDM [GeV]
Ω
h
2
gBL = 0.3, MH2 = 1 TeV, MH3 = 1.5 TeV
FIG. 3: Variation of relic abundance Ωh2 with the mass of DM shown with two representative
values of gBL (left panel) and MZ′ (right panel) for nDM = 4. Here the horizontal dashed lines
denote the 3σ range in current relic density [1].
the annihilation cross section i.e., lower couplings give lower annihilation cross section. The
channels SS → ff¯ drive the relic density until the channels SS → Z ′H1, SS → Z ′H2 and
SS → Z ′H3 get kinematically allowed.
B. Direct searches
Now we look for the constraints on the model parameters due to direct detection limits.
The interaction terms for Z ′-mediated t-channel processes shown in the extreme right panel
of Fig. 2 is given as
L ⊃ −nDMigBLZ ′µ (S∂µA− A∂µS)−
1
3
gBLZ
′
µu¯γ
µu− 1
3
gBLZ
′
µd¯γ
µd. (27)
Thus, the effective Lagrangian follows as
iLeff ⊃ −nDMg
2
BL
3M2Z′
(S∂µA− A∂µS) u¯γµu− nDMg
2
BL
3M2Z′
(S∂µA− A∂µS) d¯γµd. (28)
The DM-nuclei cross-section of the singlet scalar DM mediated by the gauge boson Z ′ is
given by [50–57]
σNSI =
1
16pi
(
MNMDM
MN +MDM
)2
|bN|2 , (29)
where MN is the nuclei mass and the coefficient bN is given by
bN = (A− Z)bn + Zbp, bn = bu + 2bd, bp = 2bu + bd, (30)
Here Z and A denote the atomic and the mass number respectively. The parameters bu and
bd of the effective Lagrangian are defined as
Leff = bqXµq¯γµq, where q = (u , d). (31)
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In the present model, Xµ takes the form of the vector current given by Xµ ' iS∂µA−iA∂µS.
Thus, one can find the value of bp,n as
bp = bn = i
nDMg
2
BL
M2Z′
.
Therefore, bN can have the value
bN = iA
nDMg
2
BL
M2Z′
.
Thus, the DM-nuclei SI contribution is given by
σNSI =
1
16pi
(
MNMDM
MN +MDM
)2
|A|2n
2
DMg
4
BL
M4Z′
.
For single nucleon, the above expression becomes
σZ′ =
µ2
16pi
n2DMg
4
BL
M4Z′
. (32)
where µ =
(
MnMDM
Mn+MDM
)
is the reduced mass of DM-nucleon with Mn being the nucleon mass.
We see that the B − L charge nDM remains as a scaling parameter in σZ′ alike relic density
in Eqn. 22. It is convenient to write (in cm2) as
σZ′ = 7.75× 10−42
( µ
1 GeV
)2
× nDM2 ×
 1 TeV(
MZ′
gBL
)
4 . (33)
We show in the left panel Fig. 4, the parameter space that satisfies the 3σ range in the
current relic density limit [1] and the most stringent direct detection bound form XENON1T
[58]. The right panel shows the WIMP-nucleon spin-independent cross section with the DM
mass for the parameter space shown in the left panel.
C. Collider bounds
The B − L models are further constrained by the collider limits. The extensive analysis
of ATLAS and CMS collaborations in search of new heavy resonances in dilepton and dijet
signals have derived a lower bound on the mass of Z ′. Recent works [11, 16] have discussed
the sensitivity of the bounds from ATLAS [60] on the parameters MZ′ and gBL in B − L
models. In the present work, we use CalcHEP [61, 62] to compute the production cross
section of Z ′. In the left panel of Fig. 5, we show the Z ′ production cross section times
the branching ratio of dilepton (ee, µµ) signal as a function of MZ′ . The black dashed line
denotes the dilepton bound from ATLAS [60]. It is clear that the region below MZ′ ' 3.7
TeV is excluded for gBL = 0.4. For gBL = 0.1, MZ′ < 2.3 TeV is ruled out. We have
MZ′ & 1.2 TeV for gBL = 0.03 and the mass region of MZ′ & 0.5 TeV is allowed for
gBL = 0.01. The plot in the right panel of Fig. 5 shows the parameter space that satisfies
3σ range in the PLANCK relic density limit and the XENON1T constraint. The region to
the right of both the dashed curves is consistent with LEP-II [63] and ATLAS [60] dilepton
limit. We see that the ATLAS gives more stringent limit in the mass region MZ′ . 2.7 TeV.
12
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
500 1000 1500 2000 2500 3000 3500 4000
0.05
0.10
0.15
0.20
0.25
0.30
MZ' [GeV]
g
B
L
●
●
●
●
●
●
●
●
●
●●●
●
●
●
●
●
●
●
●●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●● ● ●
●
●
●
●
●
●
●
● ●
●
●
●
● ●
●
●
●●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
● ●
●
●
●
●
●
●
● ●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
LUX(2016)
XENON1T(2017)
500 1000 1500 2000
-48
-47
-46
-45
-44
-43
MDM [GeV]
L
o
g
1
0
(σ
z
')
FIG. 4: Left panel denotes the parameters space in the plane of (MZ′ , gBL) that satisfy the current
relic density [1] in 3σ range and XENON1T [58]. The right panel depicts the WIMP-nucleon SI
cross section with the mass of the scalar DM for the parameter space shown in the left panel. Here,
the horizontal dashed lines denote the current bounds on spin-independent WIMP-nucleon cross
section from the direct detection experiments LUX [59] and XENON1T [58].
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FIG. 5: Dilepton constraints from ATLAS on the current model are shown here. The black dashed
line in the left panel represents the exclusion limit from ATLAS [60], with the colored lines being
the dilepton signal cross sections for various values of gBL as a function of MZ′ . The right panel
shows exluclusion limits from LEP-II and ATLAS exclusion limits in the plane of MZ′ − gBL. The
red points are consistent with the 3σ range of the relic density limit of PLANCK and the direct
detection limits from XENON1T.
D. Landau Pole
In the present work, we have extra neutral fermions with B − L charges −4,−4,+5
required for consistent gauge anomaly free theory. Also there are scalars φ1, φ8 with B − L
charges −1,+8 and φDM with nDM = 4. The presence of these additional field content with
exotic B − L charges can severely modify the running of the corresponding gauge coupling
gBL and can even lead to a Landau pole ΛLP. Defining the U(1)B−L fine-structure coupling
αBL =
g2BL
4pi
, one finds the standard analytic one-loop solution for the renormalization-group
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running from a scale λ to Λ > λ:
1
αBL(Λ)
=
1
αBL(λ)
− bBL
2pi
log
(
Λ
λ
)
. (34)
The location of Landau pole ΛLP can obtained by α
−1
BL(ΛLP) = 0, given by the scale
ΛLP ' λ exp
[
2pi
bBL
α−1BL(λ)
]
, (35)
for bBL > 0. We consider the B − L breaking scale (λ) and all new particle masses at 10
TeV. The one-loop beta coefficient, bBL can be computed using the standard formula
bBL = −11
3
C2(G) + C
2
norm
2
3
∑
Rf
(
nfBL
2
)2 ∏
j 6=BL
dj(Rf ) +
1
3
∑
Rs
(
nsBL
2
)2 ∏
j 6=BL
dj(Rs)
 . (36)
Here n
f(s)
BL stands for the B−L charge of the fermion (scalar). C2(G) denotes the quadratic
Casimir operator for gauge bosons which takes the value N for SU(N) and 0 if U(1), dj(Rf,s)
indicate the dimension of representation Rf,s under all the SU(N) groups. Since the model
can’t be embedded in SO(10) framework, the normalization factor Cnorm is a free parameter.
For instance, choosing gBL = 0.4, the Landau pole is at
ΛLP =

5.72× 1011 GeV if Cnorm =
√
3
2
,
2.48× 1023 GeV if Cnorm =
√
3
5
,
1.07× 1035 GeV if Cnorm =
√
3
8
.
(37)
Thus, choosing suitable normalization factor, one can avoid the Landau pole below Planck
scale.
IV. SCALAR PORTAL PHENOMENOLOGY
A. Relic density
With nDM = 4, one can write a non-trivial term to the scalar potential as
µD8
2
[
(φDM)
2φ†8 + (φ
†
DM)
2φ8
]
. (38)
The masses of real and imaginary components of φDM are given by
M2S = µ
2
DM +
λHD
2
v2 +
λD1
2
v21 +
λD8
2
v28 +
µD8v8√
2
,
M2A = µ
2
DM +
λHD
2
v2 +
λD1
2
v21 +
λD8
2
v28 −
µD8v8√
2
. (39)
For simplicity, we consider λHD = λH1 = λH8 = λD. The expressions for annihilation cross
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FIG. 6: Feynman diagrams contributing to relic density in the scalar portal case except the figure
of t-channel process is relevant in direct detection studies.
section of various channels that contribute to relic density shown in Fig. 6 are
σˆSff =
1
8piv2s
|F1|2
∑
f
M2f cf
(s− 4M2f )
3
2
(s− 4M2DM)
1
2
, (40)
σˆSWW =
s
16piv2
|F1|2
(
1− 4M
2
W
s
+
12M4W
s2
)
(s− 4M2W )
1
2
(s− 4M2DM)
1
2
, (41)
σˆSZZ =
s
32piv2
|F1|2
(
1− 4M
2
Z
s
+
12M4Z
s2
)
(s− 4M2Z)
1
2
(s− 4M2DM)
1
2
, (42)
σˆSNG =
1
8pi
(
1
v1v8(v21 + 64v
2
8)
)2
|F2|2 s
3
2
(s− 4M2DM)
1
2
, (43)
where
F1 =
λDH1[
(s−M2H1) + iMH1ΓH1
] − √2βλDH3[
(s−M2H3) + iMH3ΓH3
] ,
F2 =− λDH1β(v
3
1 + 64v
3
8)[
(s−M2H1) + iMH1ΓH1
] + λDH2(v31 − 64v38)√
2
[
(s−M2H2) + iMH2ΓH2
] − λDH3(v31 + 64v38)√
2
[
(s−M2H3) + iMH3ΓH3
] ,
with cf and Mf denoting the color charge and mass of the the SM fermion f respectively.
Finally, for the Higgs sector annihilation channels we have
σˆSHiHj =
1
16pisn!
|Fij|2
[
(s− (MHi +MHj)2)(s− (MHi −MHj)2)
] 1
2
[s(s− 4M2DM)]
1
2
,
where
Fij =(1 + 2β
2)λDδij +
λDH1λ1ij[
(s−M2H1) + iMH1ΓH1
] + λDH2λ2ij[
(s−M2H2) + iMH2ΓH2
]
+
λDH3λ3ij[
(s−M2H3) + iMH3ΓH3
] .
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Coupling Expression [GeV]
λDH1 vλD − 14β(8v1λD −
√
2µD8)
λDH2 −µD84
λDH3 −
√
2v1λD −
√
2vβλD +
µD8
4
TABLE III: Dark matter couplings to scalars.
In all the above expressions i, j = 1, 2, 3, and λDHi denote the coupling of the terms A
2Hi.
We show in Fig. 7, the scalar portal relic abundance as a function of DM mass. The
PLANCK limit on relic density is met near the resonance of three scalar propagators. The
channels with H1H1 and ANGANG in final state can only give resonance near MDM ' MH22 .
However, the coupling λ211 vanishes. Hence, the channel with NG pair plays a crucial role
in giving the resonance in H2 propagator for non-zero λDH2 (= µD8) given in Table. III.
One can also notice that the coupling µD8 induces mass splitting in the scalar components
given in Eqn. 39, which is essential to generate light neutrino mass at one loop level to be
discussed in the upcoming section.
μD8 = 10 GeV
μD8 = 100 GeV
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FIG. 7: Variation of relic abundance Ωh2 with the mass of DM for various values of µD8 parameter.
Here the horizontal dashed lines denote the 3σ range in current relic density [1].
B. Direct searches
In the scalar portal scenario, the DM-WIMP nucleon cross section is given by
σS =
µ2M2n
4piv2M2DM
[
λDH1
M2H1
−
√
2λDH3β
M2H3
]2
f 2p , (44)
where Mn is the nucleon mass, µ denotes the reduced mass of WIMP-nucleon system and
fp is given by
fp =
2
9
+
7
9
∑
q=u,d,s
fpTq. (45)
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Typical values for proton are fpTu = 0.020±0.004, fpTd = 0.026±0.005 and fpTs = 0.118±0.062
[64]. Varying the model parameters given in Table. IV, Fig. 8 left panel denotes the
parameter space in MH3 −MDM plane satisfying 3σ range on current relic density limit by
PLANCK and the right panel denotes the allowed parameter space (corresponding to the
allowed parameters of the left panel), consistent with XENON1T limit. We see that the
data points near the resonance of SM Higgs H1 doesn’t satisfy the XENON1T limit on
WIMP-nucleon cross section.
Parameters Range
µD8 [GeV] 10− 100
λD 0.001− 0.1
v1,8 [GeV] 2000
MH2 [GeV] 1000, 2000
MH3 [GeV] MH2 − 4000
MDM [GeV] 20− 2000
β 0.001− 0.016
TABLE IV: Parameters and their ranges for scalar portal analysis.
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FIG. 8: Region of MDM−MH3 that meets the 3σ range on current relic density limit of PLANCK
in left panel. Right panel denotes the parameter space taken from left panel that satisfies the
XENON1T limit as well. Dashed lines denote the upper limit on WIMP-nucleon cross section by
LUX [59] and XENON1T [58].
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Sl. No. µD8
√|Yiα1Yjα1 | MDM [GeV] Λ [TeV] mν [GeV] Ωh2 Log10σS [cm2]
1. 96.8 0.026 448 50 4.01× 10−11 0.1154 −46.517
2. 21.3 0.056 483 50 4.09× 10−11 0.123 −46.376
3. 21.3 0.22 483 100 3.95× 10−11 0.123 −46.376
TABLE V: Sample benchmark for radiative ν-mass.
V. LIGHT NEUTRINO MASS
The light neutrino mass in this model can be achieved by radiative mechanism. The
model structure permits us to write a dim-6 Yukawa interaction term of the form1
1
Λ2
∑
α=1,2
Yiα(`L)iH˜NαRφDMφ1. (46)
Now, it is possible to generate the light neutrino mass at one loop level as shown in Fig.
9. If we assume the masses of real and imaginary components of φDM satisfy the relation
(M2S +M
2
A)/2M2S−M2A =
√
2µD8v8, the expression for the radiatively generated neutrino
mass is [43]
(Mν)ij =
√
2µD8v8v
2v21
16pi2Λ4
3∑
α=1
YiαYjαMDα
m20 −M2Dα
[
1− M
2
Dα
m20 −M2Dα
ln
m20
M2Dα
]
, (47)
where we denote m20 = (M
2
S +M
2
A)/2. If M
2
Dα  m20, then
(Mν)ij =
√
2µD8v8v
2v21
16pi2Λ4
3∑
α=1
YiαYjα
MDα
[
ln
M2Dα
m20
− 1
]
. (48)
Here MDα = (U
TMU)α and NDα = U
†
αβNβ, with M being the Majorana mass matrix.
Assuming the lightest exotic fermion gives dominant contribution to the light neutrino mass
matrix and considering (v1, v8,MDα1) ∼ (2, 2, 3) TeV (MDα1 being the mass of the lightest
exotic fermion mass eigenstate), we show sample benchmark values in Table. V that satisfy
PLANCK, XENON1T limit and ν-mass simultaneously. We conclude that this model is quite
advantageous to explain the light neutrino mass even without the small Yukawa couplings.
VI. SEMI-ANNIHILATIONS FOR SCALAR DARK MATTER
Fractional B−L charge to the inert scalar can induce semi-annihilations which can show
up in dark matter relic abundance (see Refs.[17, 67]). For instance when nDM = 1/3, there
is a quartic term in the Lagrangian of the form
L1/3 = λ
′
DM
3
φ3DMφ1 + h.c. (49)
1 The interaction term in Eqn. 46 can induce the decay νi → νj + ANG. However the decay rate of
this channel can be greater than the age of the universe [65]. The effect of neutrino decay in neutrino
oscillations has been investigated in literature [66]. However, this study is beyond the scope of our work.
18
〈H0〉
νi νj
φDMφDM
NDα NDα
〈H0〉〈φ1〉 〈φ1〉
〈φ8〉
1
FIG. 9: Radiative generation of neutrino mass
With the Feynman diagram shown in Fig. 10, the cross section of all possible semi-
annihilation channels are
φDM
φDM
φ1
φDM
1
FIG. 10: Feynman diagram for the semi-annihilation vertex.
σˆ
1/3
H1
=
λ′DM
2β2
64pis
[(s− (MDM +MH1)2)(s− (MDM −MH1)2)]
1
2
[s(s− 4M2DM)]
1
2
,
σˆ
1/3
H2
=
λ′DM
2
128pis
[(s− (MDM +MH2)2)(s− (MDM −MH2)2)]
1
2
[s(s− 4M2DM)]
1
2
,
σˆ
1/3
H3
=
λ′DM
2
128pis
[(s− (MDM +MH3)2)(s− (MDM −MH3)2)]
1
2
[s(s− 4M2DM)]
1
2
. (50)
We display in Fig. 11 the effect of semi-annihilation channel on the relic abundance observ-
able. Resonance near MDM ' MH22 is not achieved as the term in Eqn. 38 doesn’t exist for
nDM = 1/3, in turn making λDH2 to be zero. These new channels begin to pop up once mass
of DM is above the mass of the physical scalar appearing in the final state. We see that the
channel with H2 and H3 as one of the final state particles have a significant effect while the
Higgs channel attains a β2 suppression. This scenario is very appealing as the dark matter
phenomenology is determined by three free parameters i.e, λ′DM, MDM and the mass of the
physical scalar. Similarly, one can also perform the same analysis for nDM = 8/3 as well.
VII. COMMENT ON INDIRECT SIGNALS
No indirect signals are expected in Z ′-portal scenario as the annihilation rate today is
velocity suppressed [17]. Moving to the scalar-portal, we briefly comment as follows.
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FIG. 11: Relic abundance Ωh2 with the mass of DM plotted for two values of λ′DM with the choice
of nDM = 1/3.
A. Gamma ray excess
Fermi-LAT report of excess in γ-ray emission, appearing as a peak around 1 − 3 GeV
energy range [68, 69] can be well fitted by a DM maximally annihilating to bb¯ channel with
the mass range 35 − 165 GeV and 〈σv〉 = (1 − 3) × 10−26 cm3s−1 [70]. In the current
model, the only way that to explain this excess is near the Higgs resonance where the relic
density is met near MDM ' MH12 . However, from Fig. 8, the data points satisfying PLANCK
limit (near Higgs resonance) in the left panel are eliminated by the direct detection bounds
of XENON1T and LUX, conveyed in the right panel. Hence, the present model does not
accommodate the excess γ-ray emission of Fermi-LAT.
B. Positron excess
The excess in positron signal reported by PAMELA [71] and AMS-02 [72] can be well
explained by a DM with mass 350 and 894 GeV annihilating to (e+e− or µ+µ−) and τ+τ−
respectively. Another possibility is with a two scalar final state channel that subsequently
decays to charged lepton pairs for the DM masses 350 and 590 GeV [73]. However, at
all these mass values of DM, the channel with W-boson pair maximally contributes to the
scalar-portal relic density. Therefore, we don’t get a proper fit to the observed excess in this
model dependent framework.
VIII. CONCLUSION
In this article, we have presented in detail the scalar dark matter phenomenology in the
context of an anomaly free U(1)B−L extension of SM. A possible solution to cancel out the
resulting non-trivial triangle anomalies of the gauge extension, three heavy neutral fermions
NiR (i = 1, 2, 3) with B−L charges −4,−4 and +5 are added to the existing lepton content
of the standard model. Furthermore, the scalar sector is enriched with two scalar singlets
φ1 and φ8 to spontaneously break the U(1)B−L gauge symmetry and also to provide the
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Majorana mass terms for the newly added fermions NiR. A scalar singlet φDM is introduced
such that the U(1)B−L symmetry takes the burden to forbid its decay making it a stable
dark matter candidate. Three physical scalars and a heavy gauge boson Z ′, a resultant of
having U(1)B−L as local gauge symmetry act as mediators between the visible and dark
sector.
We have studied the scalar spectrum emphasizing the minimization conditions, vacuum
stability, perturbative unitarity conditions and their acquired masses after spontaneous sym-
metry breaking of SU(2)L×U(1)Y ×U(1)B−L gauge symmetry. Choosing a particular B − L
charge that can stabilize φDM, we have investigated thoroughly the relic density and of scalar
singlet dark matter in the Z ′ and scalar-portal scenarios. Applying the limits on relic density
by PLANCK and the most stringent bounds on WIMP-nucleon spin-independent cross sec-
tion by LUX and XENON1T, we have obtained the consistent parameter space. In collider
studies, we have used ATLAS dilepton limits on the gauge coupling gBL and the mass of the
new vector boson MZ′ . We found that there is enough region for the model parameters to
meet all the experimental bounds.
This remarkable gauge extension is economical in particle content and rich in phe-
nomenology. A unique feature of this model is that a massless physical Goldstone boson,
which plays a key role in scalar-portal relic density. We have discussed the mechanism to
obtain the light neutrino mass at one-loop level, with the dark matter singlet running in the
loop, and a suitable benchmark, where the dark matter observables and light neutrino mass
are simultaneously consistent. We have included discussions regarding semi-annihilations
of dark matter and its imprint on relic density for a choice of fractional B − L charge for
the scalar dark matter. We finally commented on indirect signals in the present model. To
conclude, the explored model is quite consistent with current bounds of recent and ongoing
dark matter experiments and a testable framework built based on the well-tested local
gauge principles of Standard Model.
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Appendix A: Massless Goldstone interaction terms
1. Exotic fermion sector
The massless mode, ANG can couple to the heavy fermions by the Majorana mass term
in eqn. 6 as
iANG√
v21 + 64v
2
8
[∑
α=1,2
8v8hα3√
2
N cαRN3R +
∑
α,β=1,2
v1hαβ√
2
N cαRNβR
]
, (A1)
where the Majorana mass matrix takes the form
M =
h11〈φ8〉 h12〈φ8〉 h13〈φ1〉h12〈φ8〉 h22〈φ8〉 h23〈φ1〉
h13〈φ1〉 h23〈φ1〉 0
 . (A2)
Writing it in a simplified form as
M =
x a ba x b
b b 0
 , (A3)
which can be obtained assuming the Yukawa couplings to satisfy the relation h11 ≈ h22 and
y13 ≈ y23 along with v1 ≈ v8. The mass matrix can be diagonalized by using normalized
eigenvector matrix as MDα = (U
TMU)α, and the mass eigenstates are given as NDα =
U †αβNβ.
2. Scalar sector
The coupling of ANG to the new scalar fields is given as
2
v1v8(v21 + 64v
2
8)
(∂µANG)
2
[
−H1β
(
v31 + 64v
3
8
)
+
H2√
2
(
v31 − 64v38
)− H3√
2
(
v31 + 64v
3
8
)]
. (A4)
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